Mouse thymic virus (MTL V; murid herpesvirus 3) is a naturally occurring herpesvirus of mice. Critical variables in an enzyme immunoassay (ELISA) for antibodies to mouse thymic virus (MTLV) were assessed. High protein binding plates proved unsuitable. For storing coated plates, the most consistent results were obtained when coated plates were washed and stored with coating buffer (phosphate buffered saline, PBS) at -70°C. Storage of antigen at -20°C was unsatisfactory, although coated plates could be stored at -20°C for at least 1-2 weeks. In performing the ELISA, vigorous washing and blocking were critical. However, substituting isotonic (0'90/0) saline for PBS in washing solutions gave reliable results at considerable cost savings. For blocking, and as sample diluent, a modification of 'BLOTTO' (5% nonfat dry milk and 0,20/0 Tween 20) was most satisfactory.
assay standard for MTL V (Rowe & Capps, 1961; Cross et al., 1979;  Morse, 1987) . Available evidence indicates that thymic virus is T lymphotropic (Morse, 1988) and T cytolytic; thymic necrosis is due to the virtually complete ablation of CD4+ thymocytes (Morse & Valinsky, 1989) . After recovery, virtually all infected mice show prolonged asymptomatic virus shedding in saliva and possibly other secretions (Rowe & Capps, 1961; Cross et al., 1979;  Morse, 1987; St-Pierre et al., 1987;  Morse, 1988) .
Testing for mouse thymic virus has acquired new urgency as a result of US regulations that now require mouse derived monoclonal antibody products for human use to be certified free of this virus (US Food and Drug Administration, 1987) . Because infection is generally asymptomatic, infected animals can be detected only by screening (Morse, 1987 ). An ELISA test was recently published for detecting antibodies to mouse thymic virus (Lussier et al., 1988a, b) .
Although serological assays for MTL V, such as complement fixation, neutralization, and immunofluorescence, have long been available (Cross et al., 1979) , the advantages of ELISA make it an ideal candidate for a screening procedure (Smith, 1986) , and it is likely that ELISA will become the standard method for detecting antibodies to thymic virus. However I anecdotal reports from several laboratories have indicated difficulties in establishing MTL V antibody ELISA on a reproducible basis. In this report, beginning with the published assay as a starting point, critical steps and potential pitfalls in the ELISA were identified; modifications are proposed to increase the reproducibility and specificity of the assay while reducing costs.
Materials and methods

Mice
Suckling specific pathogen free (SPF) Swiss Webster mice (Taconic Farms, Germantown, USA) were used for all antigen preparations. All mouse stocks were periodically tested for murine pathogens, including thymic virus (Morse, 1987) , and were consistently negative. Mice were singly housed, with food and water ad libitum, and were treated in strict accordance with National Institutes of Health guidelines.
Sera
All sera were heat inactivated (56°C for 30 min) before use (Cross et al., 1979) . In one experiment comparing heated and unheated samples (Table   3) , blood from experimentally infected adult mice was collected in tubes containing anticoagulant (EOTA) and the plasma was separated by centrifugation (800 x g, 10 min, 4°q. A portion of each sample was placed into a tube and kept at room temperature while the remainder of the sample was heat inactivated (56°C for 3 min). After the heated samples cooled to room temperature, ELISA was done on both sets in parallel.
Test sera for the ELISA were from a variety of mice, both uninfected (negative) and experimentally infected with thymic virus, maintained at the Rockefeller University Laboratory Animal Research Center. Infection status (negative or positive) of all mice was confirmed by infectivity assay of salivary glands (Morse, 1987) . Negative samples included sera from both pathogen free mice and mice serpositive for other agents (such as mouse hepatitis virus) but known to be negative for thymic virus. Additional samples included mouse sera from various sources submitted to this laboratory for thymic virus testing.
Virus and antigen
Seed virus, derived from the original Rowe-Cross stock (Cross et al., 1979) , was passaged in our laboratory. To prepare antigen for ELISA, litters of newborn (24 h old or less) BALB/c or Taconic Swiss mice were inoculated intraperitoneally Morse (30 gauge needle) with 0'05 ml MTLV (approximately 50 10 50 ) per neonatal mouse. Thymuses were harvested 7 days later and mouse thymic virus (MTL V) antigen was prepared from homogenates of infected thymuses as previously described (Lussier et al., 1988a) . This preparation was identical to the antigen for complement fixation originally described by Cross et al. (1979) . The antigen was divided into O· 5-1 ml aliquots and stored at -70°C. For coating plates, antigen was thawed, diluted in sterile phosphate buffered saline (PBS; Gibco, Grand Island, USA) and added to the microplate wells (100 ttl per well) as previously described (Lussier et al., 1988a) . After coating, antigen was decanted from the wells and the plates were washed in 'wash solution' consisting of PBS with O' 1070 Tween 20 (Sigma Chemical Company, St Louis, USA) or 0,9070saline with 0'1 0J0Tween 20, as detailed in the Results section, and quenched with 'blocking solution'. Test serum samples were also diluted in blocking solution. The compositions of the several different blocking solutions that were compared are given in the Results section.
ELISA procedure
Antigen coating and the initial assay procedure were as previously published (Lussier et al., 1988a) , using peroxidase-conjugated rabbit antimouse immunoglobulin (Zymed, South San Francisco, USA), except that ABTS (2,2' -azinodi-[3-ethylbenzthiazoline sulphonate-6], O' 3 mg per ml in glycine-citrate buffer, pH 4'0) (Kirkegaard & Perry Laboratories, Gaithersburg, USA) was used as chromophore in place of ortho-phenylenediamine and stop solution was not used. After 25 min incubation at room temperature, the plates were read at 410 nm in a Oynatech MR 600 microplate reader (Oynatech Laboratories Inc., Chantilly, USA). Other modifications are described in the Results section, e.g. involving the effects of plate surface, storage conditions, washing method, etc. Results are reported as A410 of a 1 : 10 serum dilution unless otherwise indicated. Endpoint titres, when given, are the reciprocal of the highest dilution with A410 > 2 standard deviations above the mean of the negative control sera in that run.
Results
Plate surface
The widely used Dynatech 'Immulon' series (Dynatech Laboratories Inc., Chantilly, USA) includes both standard (Immulon 1) and popular high-capacity coatings (Immulon 2).
Immulon 1 was satisfactory, with optimal antigen dilution (determined by 'checkerboard' block titration) I: 500 to 1: 1000 for most batches of antigen. Immulon 2 plates had high background and poor specificity (Table 1) , even after diluting antigen 1: 5000 to compensate for increased plate binding capacity. Another new high protein binding ELISA plate, Corning 25805-96, gave high background and variation with negative sera (mean A41O, 1: 20, o· 328; range, 0'140-0-539; standard deviation (SD), 0'113; 10 of the 13 negative sera had A410~O·250 at 1: 20), although most positives were also high (mean A410 of 9 positive sera at 1 : 20 dilution, 1· 809; range, 1'3 to >2-0).
For all additional experiments, Immulon 1 flat bottom 96 well plates were coated with a 1 : 1000 dilution of antigen.
Coating and storage
Concentrated antigen stored at -70°C was usable for at least a year and could be thawed and refrozen several times. Storage of diluted antigen at -20°C was unsuitable and gave nonspecifically high readings.
Resonicating reconstituted antigen after thawing and before coating was desirable. Substituting 'Vortex' mixing gave very low A410 with inconsistent results.
Three storage conditions (4°C after filling the wells with PBS; -70°C with PBS; storing dry, wrapped in aluminium foil, at 4°C, as described by Voller & Bidwell, 1986) were compared using coated plates that had been washed and blocked, then stored for 24 h. Negative sera gave mean A410 of 0-129 (SD, 0'090) for 4°C storage, 0·098 (SD, 0'044) for -70°C, and 0'051 (SD, 0-057) for dried plates. A410 for two positive sera were 1'228 (SD, 0'485) and 1·655 with plates stored at 4°C; 1,051 (SD, 0-105) and 1-588 for -70°C storage; and O·930 (SD, 0'122) and o· 009 (unacceptably low) for dried plates.
Freshly prepared plates generally gave higher A410 than plates stored by any method tested, but -70°C storage appeared suitable for a year or more; these stored plates usually had much lower backgrounds than freshly prepared plates, and were often more consistent. For use, plates were thawed, the liquid was decanted, and the plates were washed with saline. Plates not washed after storage could give inconsistent results.
Although diluted antigen stored at -20°C generally gave poor results, results were better after coating. Duplicate plates were coated and tested after storage at either -20°C or -70°C for 1 week. Three negative control sera gave a mean A410 (1: 10 serum) of 0·092 (SO, 0,018) on plates stored at -70°C, and 0·159 (Sn, 0'053) for -20°C storage. Positive sera also tended to give slightly higher A410 for plates stored at -20°e. A410 for a weak positive (1 : 10 dilution) was O· 354 for -70°C and O' 576 at -20°e. Four positive controls yielded, at -70°C, A410 of 1'253,1'451, 1'285, and 1· 270; at -20°C, the A410 were, respectively, l' 333, 1· 819, l' 556, and l' 093. Endpoint titres varied somewhat but were generally within one twofold dilution on the two plates.
Sample incubations
Shortening primary incubation from 2 h at room temperature (Lussier et al., 1988a,b) to 1 h appeared to have relatively little effect with most sera, giving slightly higher background and slightly lower A410 for positives. Changing temperature of primary incubation had minor effects on negative sera (0'024 ± O' 017 for 2 h at room temperature, -0,011 ±0·008 for 2h at 4°C, and 0·095±0·107 for 1 h at 37°C; all incubations with conjugate were at 37°C for 1 h) and slightly greater effects on positive sera (mean A410 for two positives, respectively: 0·443 ± O' 193 and O' 526 ± O' 004 at room temperature; 0·327±0·127 and 0'619±0'036 at 4°C; and 0'703±0'024 and 1·036±0·054 at 37°C, 1h).
Washing .
Vigorously washing the plates in a small tray, with two to three changes of wash solution (500-1000ml per wash), gave considerably better results in this assay than the usual manual methods (several repetitions of filling the wells with saline and decanting). The latter usually gave unacceptably high backgrounds (generally > O' 2). The published literature routinely reports PBS for washing. PBS and the considerably cheaper isotonic saline (0' 9070NaCl) were compared (Table 2) . Saline usually gave somewhat higher positive values without significantly increasing background.
Morse
Many ELISA protocols incorporate Tween 20 (0' 1070) in the wash solution in order to reduce nonspecific binding. An additional wash in regular saline after saline-Tween washes improved consistency.
The hand-held Nunc 'Immuno Wash 8' (Vanguard Scientific, Neptune, USA), as an example of a mechanical washing device, gave backgrounds comparable to manual washing with generally higher positives. Mean A410 for negative sera (five samples each) were 0·012 (SO, 0'01) for manual washing and 0'014 (SO, 0'009) for the 'Immuno Wash'. A weak positive gave 0'238 (SD, 0'013) for manual washing and 0,456 (SD, 0'045) for the mechanical washer.
Blocking solutions
Blocking nonspecifically reactive sites on the matrix is considered critical (Voller & Bidwell, 1986) . The blocking solution was used both for blocking plates after antigen coating and as serum diluent. Both a blocking solution containing PBS with O' 20/0Tween-20 and 10% fetal bovine serum (FBS) (Lussier et al., 1988a,b) , and a modification of BLOTTO (Johnson et al., 1984) containing isotonic saline (0'9% NaCI) , 5% nonfat dry milk (Carnation, Los Angeles, USA) and 0·2 % Tween-20 were satisfactory. In separate runs, BLOTTO generally gave lower backgrounds than FBS. Bovine serum albumin (0' 1-1 %) gave considerably higher backgrounds (data not shown). Plates not blocked after antigen coating gave nonspecifically high values for all samples. In adding samples to the plates, better results were obtained when diluent was placed in the wells and the serum sample added to the diluent than when undiluted serum was added to wells before diluent.
FBS and BLOTTO were compared using single split plates blocked, after antigen coating, with FBS on one half and BLOTTO on the other half. The homologous solution was used as serum diluent for each half of the plate. A410 of negative sera were O' 142 (± O' 070) with FBS and O' 071 ( ± O' 059) with BLOTTO. Two positive sera gave O' 874 and 0·517 in FBS, and 0,963 and 0'557 in BLOTTO. Plates blocked using FBS but with BLOTTO as sample diluent were similar to BLOTTO blocked plates.
Sera
Heat inactivation of samples for thymic virus serology has been recommended (Cross et al., 1979) . In order to determine whether this is necessary, or whether heating adversely affected antibody titre, freshly collected heat inactivated and unheated samples were compared (Table 3) . A410 was considerably higher after heating.
Conjugate and substrate ABTS substrate (Kirkegaard & Perry Laboratories) gave satisfactory results with commercial antimouse conjugates from several suppliers (e.g., Kirkegaard & Perry, Zymed, or Organon Teknika). Adding stop solution often adversely affected results with ABTS; it was preferable to read plates at a fixed time (usually 20-30 min at room temperature) without stop solution. Alkaline phosphatase conjugates from the same suppliers were comparable, with positive sera typically giving optical densities in the range of O' 6-1 .0 after 25 min with para-nitrophenyl phosphate substrate (Sigma Chemical Company, St Louis, USA). Table 4 shows the modified assay procedure as finally developed, taking into account the critical factors defined here.
Discussion
Despite questions of possible false negatives (Cross et 01., 1979) serological testing for mouse thymic virus, especially by ELISA, offers considerable advantages of sensitivity, convenience, and ease of use which make it ideal for screening large numbers of animals (Smith, 1986) . It is, therefore, important that reproducible ELISA procedures be adopted and standardized. This is emphasized by recent US regulations (US Food and Drug Administration, 1987)requiring testing of murine origin products.
Recently, Lussier et 01. (1988a,b) successfully adapted the MTL V complement fixation test antigen of Cross et ai. (1979) to a standard ELISA methodology (Voller & Bidewell, 1986) , but a number of potential technical pitfalls, including optimal antigen concentrations and storage, were not addressed. The present study was undertaken because of a desire to improve consistency of results and to share with others the experience gained in setting up this assay. Critical steps found essential to the reliability of the assay included care in antigen storage and dilution, use of appropriate plate types for coating, and careful attention to washing. Vials of antigen should be frozen at -70°C or below, never at -20°C, although coated plates can be stored at -20°C, at least for up to several weeks. The concentrated antigen can be thawed and refrozen several times, but excess diluted antigen left over after coating plates should not be refrozen. Antigen concentrations for coating should, of course, be determined by standard block titrations (Voller & Bidwell, 1986) ; for most batches, 1: 1000 was optimal, although some batches of antigen have required greater dilution. In performing the ELISA procedure, vigorously washing the plates in a small tray, with two to three changes of wash solution, gave considerably better results than the usual passive methods. A mechanical washer was also acceptable. Substituting saline for PBS in wash solutions and using a nonfat dry milk-based blocking solution (BLOTTO) in place of fetal bovine serum gave results at least as good as published procedures at a considerable cost Morse saving. The substitution of BLOTTO for FBS was particularly useful because FBS is expensive and is sometimes unavailable, while nonfat dry milk, at about one-fiftieth the cost of FBS, is cheap and readily available.
Heat inactivation of sera, as originally recommended by Cross et al. (1979) , did not reduce titre and, in fact, markedly increased A410 for fresh samples. Heat inactivation is, therefore, advisable to avoid false negatives. Cross (Cross et al., 1979) found that heat inactivation was often necessary for reliable positive results in the immunofluorescence and complement fixation assays that she developed.
In contrast to many of the other factors examined, incubation procedure was not generally a critical step; although no single procedure was optimal for all sera, all procedures that we tested worked adequately. Lengthy, 2-h incubations at room temperature are widely used (Lussier et 01. , 1988a,b) , and appeared to work satisfactorily. Each laboratory may wish to standardize on whatever procedure is most convernent. Similarly, choice of conjugate and substrate are also probably not critical factors. For detecting peroxidase conjugates, Lussier et al. (1988a Lussier et al. ( , 1988b used ortho-phenylenediamine as the chromogen; we have used ABTS with equally satisfactory results. Alkaline phosphatase conjugates, with para-nitrophenyl phosphate substrate, also performed adequately. Other high quality antimouse conjugates from reputable suppliers are probably usable. All the conjugates used were affinity purified.
In this laboratory, with over 1000 separate samples now tested, the modifications and cautions described here have resulted in a reliable assay with low background (typically 0'06 aD or less), good reproducibility (standard deviations of replicates usually> 10070), and good predictive value (Morse & Kauder, 1989; Morse, 1990) . As with all immunoassays, negative and positive standards should be run each time and borderline results confirmed, e.g. by blocking tests (Voller & Bidwell, 1986) . For confirming samples, retesting with control (normal) thymic homogenate (1/10 volume of 10% wt/vol tissue homogenate in tissue culture medium containing 10-20% FBS) added to the sample diluent has proved helpful in eliminating false positives (Morse & Kauder, 1989) , and it would seem prudent to confirm all apparent positives by this procedure. After retesting with control thymus added to the sample diluent, even weak positives remained positive (A41O >o· 3; retested positives ranged from O·3-1 .28), while false positives fell to background values (A410 typically 0'05). Because fewer than 50/0of the samples were borderline using the procedures described here, it is not usually necessary to incorporate control thymus into the diluent.
Infected mouse colonies have been identified by serological screening (Cross et al., 1979; Lussier et al., 1988a) , but the reports of serological false negatives in MTL V (Cross et al., 1979) are a potential limitation. Cross et al. (1979) reported that neonatally inoculated animals remained seronegative by immunofluorescence and complement fixation assays; she identified entire colonies that were virus positive but seronegative. Some of the results of St-Pierre et al. (1987) appeared to corroborate this. Age at primary infection may be the most important variable. We have found that experimentally infected adult Swiss (Webster type) mice uniformly seroconverted upon infection (Morse & Kauder, 1989; Morse, 1990 ). In addition, seropositive infected mice generally remained positive for extended periods (6 months or more; Morse, 1990) . On the other hand, neonatally infected mice were more variable, both by immunofluorescence or complement fixation assays (Cross et al., 1979) and by ELISA. In our hands (SSM, unpublished), most animals infected as newborns were seronegative at 5-6 weeks after infection, when adults were strongly positive. By 3-4 months after infection, about half were seropositive, most weakly (ELISA A41O, 1: 10 serum dilution, 0'2-0'4, as compared with positive controls, from infected adults, over 1'0). When tested at 8-18 months, most (about two-thirds) of the mice were weakly seropositive, although approximately 30% showed tit res comparable to mice infected as adults. Route of inoculation may also play a role. Mice orally inoculated as neonates showed low positive titres at 40 days, although only a small number of animals was tested (Morse, 1989) . Animal and virus strain differences could also affect seroconversion. Lussier (personal communication) reported isolating a field strain of virus that gave a higher rate of seroconversion in neonatally infected mice than did the Rowe-Cross stock, which is the virus used in all experimental work. These data would appear to indicate that false negatives are possible with ELISA, as with earlier serological assays for MTL V, although in practice it is not known how common this is. Assays to detect virus shedding, such as infectivity (Cross et al., 1979; Morse, 1988) , mouse antibody production (MAP) test (Morse & Kauder, 1989) , or antigen detection by competition ELISA (Prattis & Morse, 1989) , are available and should be considered for confirmation when feasible.
